■ INTRODUCTION
Since the introduction of solid-state perovskite photovoltaic devices in 2012, there has been rapid progress in the record efficiencies of lab-scale devices. In general, many of the devices at or near these record efficiencies in excess of 20% share a similar device architecture. They predominantly consist of a series of spin-coated layers, often including expensive organic transport layers with evaporated metal contacts. Major challenges for the scale-up of perovskite devices therefore include the following: the reduction of material costs, the use of larger scale deposition methods, and a lower capital expenditure requirement compared to a vacuum process such as thermal evaporation. There are numerous scale-up activities taking place using a range of approaches including slot-die coating, 1−3 inkjet printing, 4 ,5 evaporation, 6, 7 and screen printing. 8−10 Perhaps the most promising architecture for addressing the main challenges to large scale production are the carbon-based hole transport layer free devices introduced by Ku et al. 9 These devices consist of three screen printed mesoporous layers (TiO 2 , ZrO 2 , and carbon) which are then infiltrated with a perovskite solution. 11 Large area modules have already been demonstrated using this architecture, 12 although record device efficiencies still linger some way behind those of spin-coated cells with evaporated metallic contacts. 13 Device stability is another challenging factor facing the commercialization of perovskite solar cells. The "original" lead halide perovskite, methylammonium lead iodide (MAPI), has been shown to be thermodynamically unstable, 14 as well as also being susceptible to degradation induced by exposure to light, oxygen, and moisture. 15, 16 Stability can be improved by substitution of some of the methylammonium with other cations such as cesium and formamidinium. 17 The addition of larger cations, such as butylammonium or 2-phenylethylammonium, disrupts the standard 3D perovskite and leads to the formation of a 2D structure. Depending on the relative concentration of these cations, layers of 2D/3D perovskite regions can be formed. 18, 19 Long chain cations can form hydrophobic interlayers between regions of 3D perovskite, offering greater stability to moisture. 20 The benefits of a 2D/3D perovskite material in a triple mesoporous carbon-based device has been highlighted by Grancini et al. 21 The addition of a relatively low concentration (3% AVA:PbI 2 ) of 5-aminovaleric acid iodide (AVA), in the MAPI solution infiltrated into the mesoporous scaffold, improved performance and stability. Indeed, this device set the record for long-term stability, showing no appreciable degradation after 10 000 h under full simulated sunlight at elevated temperatures. While the presence of the AVA in the perovskite solution clearly had an impact on the final material, it was not possible to observe the formation of a 2D phase from X-ray diffraction measurements for such a low concentration of the cationit was believed that the 2D layer would have been too thin to resolve. Due to the presence of a carboxylic acid group on the AVA molecule, it was assumed that it would be likely to adsorb to the metal oxide interface and template the growth of the 2D/3D perovskite.
It has become apparent that triple mesoporous carbon based cells containing the AVA additive can require extensive periods of preconditioning in order to measure the optimum JV parameters. 22, 23 It is typical to light soak the devices for several minutes before measuring. Such slow dynamic behavior immediately suggests a link to the effects of ion migration, as has been observed in numerous measurements, most commonly manifesting as hysteresis in the JV curve. 24−28 We have previously demonstrated the role of surface recombination, at the perovskite/TiO 2 interface, and ionic migration in contributing to hysteresis and other slow electrical responses such as a slow rise in open-circuit voltage under illumination. 29 It was shown that a negative deflection (shortlived decrease in V oc ) in the transient photovoltage measurements in response to the laser pulse was due to an increase in the recombination rate caused by an increase in the accumulation of holes at the TiO 2 interface. This effect was dominant immediately after turning on the background illumination following the cell being at equilibrium in the dark. The amplitude of the negative deflection decreased slowly over time, with a rate strongly dependent on temperature and consistent with the slow rise in V oc . This suggested the suppression of the open-circuit voltage due to surface recombination, which reduced over time on time scales consistent with ionic motion.
In this work, we will show that a similar process is present in the triple mesoporous carbon-based devices, and we will show how the device structure and most notably the presence of the AVA additive exacerbates the impact. We observe a strong negative photovoltage transient response during the slow rise of V oc under illumination. The time constant of this process is 1−2 orders of magnitude longer than previously observed in planar perovskite devices. However, calculation of the activation energy for this process reveals that it has similar origins; i.e., it is linked to migration of iodide ion vacancies. It appears that the presence of the AVA molecule inhibits ion migration by reducing the attempt frequency. In order to study the origins of this extremely slow behavior, we fabricate devices using spiro-OMeTAD as the hole transport layer (HTL) and different combinations of mesoporous TiO 2 and/or ZrO 2 . It is revealed that the order of magnitude increase in time constant can only be recreated in devices containing TiO 2 and ZrO 2 mesoporous layers with the AVA additive present in the perovskite. This suggests that the AVA may be preferentially adsorbed at the TiO 2 /ZrO 2 interface.
■ EXPERIMENTAL SECTION
Meso-C Device Preparation. Laser patterned substrates were cleaned using Hellmanex detergent (5% in deionized water), rinsed with deionized water, acetone and 2-propanol and dried with nitrogen, then plasma cleaned for 10 min using a Nano plasma system (Diener Electronics). A compact TiO 2 BL was deposited by spraying a 0.2 M titanium diisopropoxide bis(acetylacetonate) solution in 2-propanol onto the FTO substrates kept at 300°C on a hot plate. A commercial TiO 2 paste (Dyesol 30-NRD diluted 1:1 in terpineol) was screen printed and then sintered at 550°C for 30 min, to obtain an 800 nm mesoporous TiO 2 layer. A 1.2 μm zirconia layer was deposited afterward by screen printing (Solaronix ZT/SP) and heated at 400°C for 30 min, followed by the screen printing of the carbon paste (GEM D3) to get a 10 μm top electrode, which was then also annealed at 400°C for 30 min. The substrates were cooled down and kept at 150°C until ready for the infiltration of the perovskite solution. All layers were printed in air under ambient conditions. An equimolar solution of PbI 2 (TCI Chemicals) and MAI (Dyesol) in γ-butyrolactone (Sigma-Aldrich) was prepared by adding 5-AVAI (Dyesol) to obtain a 3% molar ratio between 5-AVAI and MAI and was drop casted on the cells through the carbon layer. After 30 min to allow the solution to percolate throughout the triple stack, the devices were annealed in a fan oven for 1 h and 45 min at 50°C.
Standard Device Preparation. Substrate cleaning and compact TiO 2 BL deposition was carried out as above. Mesoporous TiO 2 and ZrO 2 layers were spin coated using the same Dyesol and Solaronix pastes but diluted with ethanol in a 1:2.5 ratio to obtain layer thicknesses of 400 nm for each. Annealing of these layers was also carried out as above. The perovskite layer was deposited by spin coating a 1. IV Characterization. Masked devices (0.5 cm 2 for meso-C, 0.1 cm 2 standard cells) were tested under a class AAA solar simulator (Newport Oriel Sol3A) at AM1.5 100 mW cm −2 illumination conditions (calibrated using a KG5 filtered reference cell) using a Keithley 2400 source meter. The devices were scanned from V oc to J sc and vice versa at a scan rate of 330 mV s
, after 3 min of light soaking. TPV Characterization. TPV measurements were performed using a commercially available transient measurement system (Automatic Research GmbH). This system uses a 635 nm red laser diode driven by a waveform generator (Keysight 33500B). The laser pulse length was adjusted (typically 500 ns) to study different features of the transient response. Background illumination was provided by a white LED with its intensity calibrated to generate the same device photocurrent as measured using the solar simulatorthis intensity is referred to as 1 sun equivalent.
Measurements were initiated once devices had equilibrated in the dark for up to tens of minutes (until V oc measured less than 1 mV). The white bias light and laser diode were turned on using a fast MOSFET and optical shutter, respectively, both of which were controlled by the same trigger source. TPV traces were recorded at regular intervals (typically 0. Temperature controlled transient measurements were performed using an Oxford Instruments Optistat DN2 cryostat cooled with liquid nitrogen, with the sample under vacuum.
■ RESULTS AND DISCUSSION
The initial transient photovoltage response upon illumination with the white bias LED for a meso-C device containing the AVA additive is shown in Figure 1 . This trace is captured after the near-instantaneous rise of the V oc upon illumination (V oc = 0.67 V), to a value lower than the final steady state V oc (V oc,steady state = 0.75 V). The laser pulse induces a significant negative deflection in the TPV trace indicating a fast transient reduction in the open-circuit voltage caused by increased recombination. Once the laser pulse is extinguished, the V oc recovers to a positive ΔV before decaying to a steady state. As shown previously, the excess charge carriers generated by the laser pulse can lead to increased surface recombination if the ionic distribution causes the electric field in the device to drive carriers toward the wrong contact, i.e., holes accumulate at the electron extracting contact. 29 The ions redistribute as a result of the Fermi-level splitting due to the bias illumination. This typically leads to the accumulation and subsequent recombination rate of these charges decreasing. The negative transient feature therefore diminishes on time scales related to the movement of ions.
The progression of the transient photovoltage response over time under bias illumination is shown in Figure 2 . The magnitude of the negative response initially increases to a maximum value before decreasing slowly toward zero. This suggests that the variation in recombination rate involves a complex process in these devices and does not simply decrease over time as alluded to in previous works on planar devices. 29, 30 The time scale for this behavior is also much longer than previously observed. When this process was previously studied in planar devices, it was necessary to cool the devices to 223 K in order to slow the voltage rise to allow measurements of the negative transient response for up to a few hundreds of seconds. In the case of the AVA meso-C devices studied here, it was necessary to heat them to temperatures above room temperature to allow significant changes to be observed. Figure 2 shows that, even at 303 K, the TPV response is still varying on time scales on the order of minutes.
A clear link between the negative transient feature and the suppression of V oc can be seen in Figure 3 . There is a good qualitative agreement between the V oc (Figure 3a ) and the magnitude of the negative transient spike (Figure 3b ). This shows that when the recombination rate is highest (maximum in negative transient amplitude observed at 45 s after illumination) the suppression of the V oc is greatest (minimum of dip in V oc ). The whole profile of the V oc rise and the amplitude of the negative transient over time are very similar. Again, this also highlights the slow rate of the process governing this behavior: at 303 K, the V oc has not reached a The
The relationship between mobile ions and the observation of a range of slow dynamic behaviors have been previously studied by investigating the temperature dependence of the processes in question. This has included chronoamperometry, 24 thermally stimulated current, 31 impedance spectroscopy, 25 conductivity, 32 and open-circuit photovoltage rise and decay measurements. 25 A strong temperature dependence of the V oc rise under illumination can be seen for the AVA meso-C cells in Figure  4a . The V oc rise at room temperature (293 K) has not reached a steady state after 10 min of illumination. At higher temperatures, the rise is significantly faster; at 323 K, the V oc has reached a plateau after 200 s. The dip during the V oc rise also changes in magnitude and timing for different temperatures; the analysis of this is beyond the scope of this work and would likely only be possible with sophisticated drift-diffusion modeling.
During the majority of the V oc rise (after initial spike and dip) the increase in voltage is approximately monoexponential as can be seen in Figure 4b when the rise is plotted as a function, ln(1 − V/V f ), to analyze the rate at which the voltage, V, approaches a maximum steady state value, V f . The rate is extracted by making a fit to the linear section of each curve. While there is a significant deviation from this linearity at shorter times, the linear region (single exponential behavior) extends for at least 100 s for the faster rise at 333 K and up to 400 s at 293 K.
The rate values for the voltage rise at each temperature are plotted in an Arrhenius plot in Figure 5 . This shows clear Arrhenius behavior, with an activation energy of 0.37 eV. A wide range of activation energies for iodide ion migration via vacancies exist in literature. Values derived from first-principles range from 0.08 to 0.58 eV. 24, 26, 33, 34 Experimental values range from 0.10 to 0.72 eV. 24, 25, 35, 36 Such a widespread in values is perhaps expected due to the variety of computational and experimental techniques used. Experimental values are dependent on the exact material properties effecting the defect formation energy as well as the actual energy barrier to migration. 37, 38 Computational values may also vary due to different assumptions and calculation of the formation energy of defects. Nevertheless, the value obtained in this study is within the range of literature values for the migration of iodide ions in perovskite. . This is many orders of magnitude lower than values calculated from first-principles for pure MAPI perovskite, which are typically around 10 12 s −1
. 24, 26 It is possible that the presence of the AVA additive in the perovskite is hindering ion migration resulting in the much lower attempt frequency. This would also be consistent with the improved device stability with the use of the AVA, as degradation pathways such as superoxide formation are mediated by iodide vacancies. 39 We have shown that the extremely slow electrical response of the AVA meso-C cells is linked to the migration of ions (presumably iodide vacancies) at much slower rates than observed for pure MAPI perovskite devices. In order to locate the dominant recombination process associated with this ion movement, we studied the impact of the AVA additive in cells with a more standard architecture. Specifically, this involved replacing the carbon electrode with spiro-OMeTAD and a gold evaporated contact. In our previous work, this contact was shown not to contribute to the negative transient behavior and eliminates the carbon electrode as a potential factor in this behavior in these devices. 29 The metal oxide layers were spin coated to allow faster optimization of the layer thicknesses; the The Journal of Physical Chemistry C Article resultant layer thicknesses were around 400 nm each for mesoporous TiO 2 and ZrO 2 around half the thickness of these layers in the screen-printed cells. It was not possible to produce working devices with substantially thicker layers due to limitations of the spin coating method. We consider these thicknesses to be representative of the carbon-based devices, and more importantly the ratio between the two mesoporous layer thicknesses is similar. This also helped to rule out the increased thickness of the meso-C devices as contributing to the slow transient response. The performance of these standard architecture devices is somewhat lower than literature reports of similar devices (see the Supporting Information). This is predominantly due to the increased thickness of the mesoporous layers; high performance devices in literature often use very thin mesoporous TiO 2 layers of 100−200 nm. Nevertheless, they still allow us to make clear comparisons between the different architectures used in this study.
An interesting factor of the AVA cation is the presence of the carboxylic acid group, which may adsorb to the metal oxide nanoparticle surface. Therefore, it cannot be assumed that it can be treated the same as other larger cation molecules that have been shown to form 2D lead iodide perovskites. The fact that XRD patterns only reveal the low-dimensional perovskite present in higher concentrations of AVA:MAPI perovskites could be that the AVA preferentially adsorbs to the metal oxide rather than being available to form the interlayers between 3D perovskite regions. 21 FT-IR measurements (see the Supporting Information) were used to confirm the adsorption of AVA on both TiO 2 and ZrO 2 mesoporous layers. The presence of the AVA molecule on the surface of the metal oxides is evidenced by the C−H stretching band at around 2990 cm −1 for both the pure powder and the AVA immersed TiO 2 and ZrO 2 samples. For the pure AVA powder, the CO stretching band was observed at 1709 cm
. This band was not present for the samples of TiO 2 or ZrO 2 that had been immersed in AVA solution, showing that the molecule anchored to the metal oxide via the carboxylic acid group. 40 Hu et al. have shown that AVA helps to speed up charge extraction at the TiO 2 interface. 13 They observe a decrease in the lifetime of the time-resolved photoluminescence signal, associated with improved quenching, for AVA containing perovskite compared to pure MAPI. Transient photovoltage measurements do not resolve transport or charge extraction processes, only the impact that changes in these have on recombination; potentially slower charge extraction may lead to accumulation of charges and increased recombination. We do not see an obvious difference on the recombination kinetics in mesoporous TiO 2 spiro-OMeTAD based devices with or without the AVA additive. The V oc rise is comparable for both devices (Figure 6a ). While the negative transient is present in both cases it decays at the same relatively fast rate (within 20 s) as shown in Figure 6b . This shows that any change in the rate of charge extraction from the perovskite layer does not result in significant charge accumulation and increased surface recombination.
The very slow dynamics can also not be reproduced in devices with only a mesoporous ZrO 2 layernote that these devices still contain a compact TiO 2 blocking layer as the electron extracting contact. The magnitude of the negative transient was larger for the device containing the AVA additive in the perovskite, but the rate at which it decreased was comparable to that of the pure MAPI device (Figure 7) . The apparent increased recombination in the AVA device is consistent with the lower JV performance compared to the MAPI cells (see the Supporting Information) and is likely to be the result of a nonoptimized perovskite deposition in the case of the ZrO 2 architecture. None of the devices were fully optimized, as the main comparison of interest was the effect the different perovskite solutions had on the same architecture; i.e., it is difficult to draw comparisons between the behavior of TiO 2 cells and TiO 2 + ZrO 2 cells as their relative performances were different. The key observation is whether or not there is a significant difference in the rate of the negative transient behavior for the AVA additive perovskite compared to that of pure MAPI in each architecture.
The presence of the AVA additive in cells containing both mesoporous TiO 2 + ZrO 2 can be seen to have an impact on the rate of the negative transient decay as shown in Figure 8 . The rate at which the negative spike disappears is around 10 times slower for cells with the AVA additive versus the pure MAPI perovskite. In the case of the pure MAPI, the exponential curve in Figure 8 shows a single time constant of approximately 1.15 s. For the AVA device, the negative transient decay curve shows two time constants: a faster The Journal of Physical Chemistry C Article process similar to that for the pure MAPI cell (t 1 = 1.09 s) and an additional slower process with a time constant of 11.0 s. This result is consistent with the exceptionally slow response times observed in the meso-C cells containing the AVA additive. Here we have recreated the comparable effect (order of magnitude increase) in devices with a mesoporous TiO 2 and ZrO 2 layer, which suggests that the combination of the interface between the two metal oxides and the presence of AVA is responsible for this behavior.
Studying the meso-C devices TPV behavior with different laser wavelengths, essentially changing light penetration depth, also infers that this TiO 2 /ZrO 2 interface may be the location of the increased surface recombination. The negative transient response is more prominent when the cell is probed with a longer wavelength red laser compared to using blue (see the Supporting Information). The longer wavelength light will penetrate deeper into the device, approaching the ZrO 2 layer, whereas the blue laser light will likely be absorbed in the first few tens of nanometers.
Examples of the importance of the TiO 2 /ZrO 2 interface in the presence of AVA have also been shown in the literature when studying the infiltration of the perovskite solution through the device. Mei et al. observed that infiltration from the ZrO 2 into the TiO 2 was substantially improved in the presence of AVA. 22 This suggests that the AVA may be adsorbed at this interface, allowing better wetting of the underlying TiO 2 mesoporous layer through changes in surface energy. This effect has more recently been studied in detail using a range of techniques by our co-workers. 41 
■ CONCLUSIONS
We have demonstrated the exceptionally slow response time under illumination of mesoporous carbon based perovskite cells containing AVA as an additive. TPV measurements during the slow rise in V oc in response to illumination show a clear link between surface recombination and ionic movement. Temperature-dependent measurements revealed that the process was still associated with iodide ion migration via vacancies as shown by the comparable activation energy as found in other studies. However, the typical rate of V oc rise in these cells is at least 1 order of magnitude slower than for standard spiro-OMeTAD devices with several minutes of illumination being required in order to reach a steady state. We attribute this slow rate to the presence of the AVA additiveit is possible that the AVA forms 2D perovskite regions which restrict ion migration. We have also confirmed that the AVA can adsorb on the TiO 2 and ZrO 2 surfaces via its carboxylic acid group. This anchored charged molecule could also inhibit ion migration via electrostatic interaction. It is likely that reduced iodide ion movement is linked to the improved stability observed in devices with the AVA additive.
To attempt to uncover the location of the dominant recombination process impacting the slow electronic response, we simplified the device structure to a more conventional approach with spiro-OMeTAD as the HTL. By varying the mesoporous metal oxide layers in the device we revealed that the AVA additive only induces the slow response when both mesoporous TiO 2 and ZrO 2 are present. This suggests that the AVA acts at the interface between these two layers to slow ionic movement. It is not clear whether or not the AVA preferentially binds to the ZrO 2 as the perovskite solution is infiltrated from the top of the device, or perhaps builds up at the interface due to the misalignment between pores in the two layers. Optimization of this interface would provide important benefits when deploying these cells in the real world, since such a slow response time would give inferior performance under changeable light conditions. 
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